Abstract Development of continuous shrimp cell lines for effective investigation on shrimp viruses remains elusive with an arduous history of over 25 years. Despite presenting challenges to researchers in developing a cell line, the billion dollar aquaculture industry is under viral threat. Advances in molecular biology and various gene transfer technologies for immortalization of cells have resulted in the development of hundreds of cell lines from insects and mammals, but yet not a single cell line has been developed from shrimp and other marine invertebrates. Though improved growth and longevity of shrimp cells in vitro could be achieved by using modified growth media this did not make any leap to spontaneous transformation; probably due to the fact that shrimp cells inhibited neoplastic transformations. Oncogenic induction and immortalization are considered as the possible ways, and an exclusive medium for shrimp cell culture and an appropriate mode of transformation are crucial. In this review status of shrimp cell line development and its future orientation are discussed.
Introduction
Development of continuous shrimp cell lines has been a challenging task, for a long period of over 25 years.
However, it still remains unattained presenting researchers more questions than answers [9, 65] . Till date, no permanent cell line could be made available from marine invertebrates in general [67] and shrimp in particular. The major fall out of the situation is the impediment which it imposes on the isolation of crustacean viruses [15, 16, 43] . The fact is that the requirement of continuous cell lines is so high to investigate the radiating viral threats to shrimp aquaculture [21, 88, 93] .
According to 'FAO Status of World Fisheries and Aquaculture, 2010,' in the year 2008, the capture fisheries and aquaculture production of decapods was 10,230 tonnes, corresponding to 41 billion US$ [20, 86] . This trend in production is unlikely to perpetuate, because there are more than 20 [6] among the 1,100 recognized invertebrate viruses [1] now known to occur in shrimps which include nine that pose serious threat to their culture [14] , resulting in huge loss to shrimp industry [21, 50, 88] . This highlights the importance of developing shrimp cell lines for their isolation, and to bring out effective prophylactics.
In the realm of cell line development, despite the current advancements in decoding the nutritional requirements of cells in vitro, molecular approaches at genomic level for transformation and immortalization of shrimp cells remain unknown and un-attempted. This might be due to the lack of information on the molecular mechanisms that inhibit neoplastic transformations in shrimp. Besides, tumours have only rarely been observed in the decapod crustaceans [87] . Therefore, a thread bear analysis on the very successful history of insect and mammalian cell line development might open up new vistas for focused research towards establishment of shrimp cell lines. Moreover, uncovering the underlying molecular and regulatory mechanisms of the absence of neoplasia and carcinoma in shrimps might provide new leads for the development of P. Jayesh Á J. Seena Á I. S. B. Singh (&) National Centre for Aquatic Animal Health, Cochin University of Science and Technology, Lakeside Campus, Fine Arts Avenue, Cochin 682016, India e-mail: isbsingh@gmail.com anti-ageing and anti-cancer interventions in humans as well [86] .
In this review, we try to compile the current status and trends on shrimp cell line research and orient towards the prospects of development of continuous cell lines from penaeids.
History of Shrimp Cell Culture
The earliest attempts on shrimp cell culture development appeared as published document in 1986 by Chen and colleagues from National Taiwan University, Taiwan [9] . They had chosen Penaeus monodon as the species of choice from which several cell culture systems could be generated using various tissues and organs. Three years after the first publication in shrimp cell culture in 1989, researchers published an attempt [12] of shrimp cell culture development from Penaeus penicillatus and on the same year first report on the susceptibility of primary lymphoid cell culture to monodon-type baculovirus was published [8] . This is considered as the first report on in vitro cultivation of penaeid virus in shrimp cell culture. Although only limited success could be obtained, several researchers commenced attempting to develop cell cultures from various tissues and organs of different penaeid species [13, 19, 28, 35, 39, 44-46, 49, 57, 63, 70, 72, 80, 90] , and this included test of their susceptibility to shrimp viruses as well [40, 51, 52, 56] . In 2000, report on the ultra structure of white spot syndrome virus (WSSV) grown in primary lymphoid cell culture was published [89] , however, its morphogenesis could not be fully elucidated for want of certified shrimp cell lines. Although the morphology and ultrastructure of WSSV have not been fully understood, several characteristics of this virus have emerged in recent years [71] . In addition to the effort on spontaneous transformation and immortalization by continuous maintenance and repeated passage of the cells in vitro and the 'organized neglect' [29] in the process of cell culture development, in the year 1995 researchers attempted to induce transformation in shrimp cells by transfection with oncogene [78] . Accordingly, in 2000 first transgenic expression in shrimp cells could be accomplished [73] followed by the development of vesicular somatitis virus-glycoprotein (VSV-G) pseudotyped retroviral vectors [37] and their successful integration in shrimp primary cell culture genome [36] . However, this also did not lead to immortalization of cell cultures. The lack of success in spontaneous and induced cell line development subsequently paved the way for the attempts on developing fusion cell line [15, 16] , but, with little success. More recently, researchers have succeeded in viral gene expression [42] , determinations of cytotoxicity and genotoxicity [41, 43] , and viral multiplication [26] employing primary cell culture systems developed from different species of penaeids.
Cell Culture Medium: A Stepping Stone for Cell Line Development
Several hindrances stand in the way of the development of shrimp cell lines. One among them is the unsettling fact of an appropriate shrimp cell culture medium. The media used for shrimp cell culture development have been mostly the modified commercially available preparations, despite the fact that the media composition happens to be the most important factor which determines the success of any cell line development [60] . To date, a medium exclusively for in vitro growth of shrimp cell cultures has not been designed, and the fact that an appropriate medium is required to establish shrimp cell lines in tune with the quantum change which the Grace's insect cell culture medium [29] [30] [31] [32] has brought about; ever since the publication of Grace's insect cell culture medium, over 500 insect cell lines could be established [53, 76] . Likewise, to formulate an exclusive shrimp cell culture medium, indepth analysis of the biochemistry of body fluids [64, 74] is the prime requirement. Moreover, to tide over the difficulties in developing a complete medium for shrimp cell culture, attention must be directed towards satisfying the nutritional requirements of each cell type.
Despite the necessity of an exclusive medium for shrimp cell culture several researchers, over decades, have been modifying commercially available media to suit the requirements of shrimp cells in vitro [16, 43, 69] . Among the commercial media used, Leibovitz's-15 (L-15) has been the most popular one for shrimp cell culture. Of the 50 selected publications 32 (64 %), were based on L-15 as the basal medium [2-4, 7-11, 13, 15, 18, 25, 37, 40-42, 46, 51, 56-58, 62-64, 69, 73, 74, 78, 80-83, 89] , six (12 %) selected Grace's Insect Medium [26, 27, 49, 63, 82, 89] , five (10 %) M199 [28, 39, 48, 74, 82] , and three (6 %) MPS [19, 36, 80] . A couple of other media such as Pj-2 [55] , NCTC 135 [89] , MM Insect medium and TC 100 medium [63] , were also tested for the development of cell lines from shrimp ( Fig. 1) . From the review it is rather inappropriate to point out any medium mentioned above as the most effective one as it has been a personal choice.
Organic and Inorganic Supplements to Improve Growth of Shrimp Cell Cultures In Vitro
Considering the inadequacy of the available growth media several attempts have been made to improvise the composition by adding supplements in isolation as well as in [24] and as the growthpromoting substances [59] . Considering the importance of inorganic salts for the maintenance of ionic balance and osmotic pressure [61] , researchers have used KCl, MgSO 4 , MgCl 2 , and CaCl 2 at concentrations ranging from 0.9 to 3 g/l to supplement the required quantity in the growth medium [39, 48, 49] . To adjust osmolality, NaCl at a concentration ranging from 6 to 12 g/l [9, 19, 40, 49] has also been added besides the balanced salt solutions [40, 78] . Addition of vitamins [41, 42] , proline [49, 56, 57, 82] and glutamine [28, 82] has been proven to be the choice of supplements in the growth media. In addition, lactalbumin hydrolizate at a concentration of 0.1-1 g/l [2-4, 39, 48, 55-57] , tryptose phosphate broth at 2.95 mg/ml [41, 42] and TC Yeastolate at 1 g/l [56, 57] have also been used as the source of peptides, amino acids and carbohydrates. As the additional energy source 0.3-2 g/l glucose [40] [41] [42] [55] [56] [57] and 0.55 g/l sodium pyruvate [19] have also been supplemented. Buffering agents such as HEPS [28, 48, 82] and NaHCO 3 have been incorporated by many researchers [19, 28, 48, 49] . Growth factors such as epidermal growth factor at a concentration 20-30 ng/ml [51, 63, 78] and 10 units/ml of human recombinant interleukin-2 [78] have been used to improve the proliferation of cells in vitro. All these modifications have led to improvisation of growth media with enhancement in growth and multiplication of primary cell cultures, but have never lead to the establishment of any cell line.
Species of Choice: A Major Concern
Since the first attempt on shrimp cell line development, performed in 1986 by Chen et al. [9] , P. monodon remained the best sought after candidate species among all penaeids in the development of cell cultures; may be due to its availability in all South East Asian Countries and its popularity as the most widely cultured species. Of the 50 selected publications, 17 reported (34 %) P. monodon [2-4, 7, 8, 10, 15, 23, 35, 41, 42, 44, 58, 69, 83, 89, 90] as the species of choice, eight researchers (16 %) used Penaeus japonicus [10, 39, 47, 48, [55] [56] [57] 72] , seven (17 %) selected Penaeus chinensis [13, 19, 36-38, 40, 80] and Penaeus vannamei [18, 26, 27, 49, 51, 63, 82] . Moreover, six authors (16 %) selected Penaeus stylirostris [49, 51, 63, 73, 74, 78] as the donor animal of tissues and organs. Besides, in two publications (4 %) Penaeus indicus [46, 82] and Penaeus aztecus [18, 64] were the species used. There is only one report (2 %) of using P. penicillatus [10] for extracting tissues and organs for cell culture development (Fig. 2) . This indicated that the species selection was based on availability and personal choice and not on the basis of any advantage which one might obtain by selecting a species.
Tissues and Organs used for Cell Culture Development
Ovary and the lymphoid were the most commonly used donor tissues for cell culture development. [27, 46, 62, 80] . Besides, testis [62, 81] , heart [9, 10, 48, 62, 80] , hepatopancreas [9, 28, 48, 55, 58, 62, 64, 81, 89] , gill [9, 62] , nerve [9, 13, 48, 62, 80, 81] , muscle [9, 27, 48] , hematopoietic tissue [11, 62, 90] , embryonic tissue [19, 80, 82] , epidermis [81, 82] , gut [9, 62] and Y organ [81] were also widely used for cell culture development (Fig. 3) . Among the tissues used the most advancement was obtained from lymphoid and ovarian tissues only. 
Longevity and Sub-culturing of the Cell Cultures
The ultimate objective of every shrimp cell culture development programme is the establishment of corresponding cell lines. However, this objective has not been achieved so far. Although unable to be sub cultured, various researchers could maintain cell cultures for different duration. Accordingly, researchers could maintain ovarian cell culture for 66 [80] . However, Hsu et al. [35] claimed to have attained more than 90 passages for a lymphoid cell culture which was later reported as Thraustochytrid contamination by Rinkevich [68] . At the same time Tapay et al. [78] [41, 42] , and 4 days [10] . Embryonic cell cultures could be maintained for several months [82] and attained 10 passages [19] . Moreover, researchers could maintain nerve cells from 15 days [13] and to up to 3 months [63] , heart tissue for 4 days [10] and hepatopancreas for 30 days [27] . The striking observation was that there existed no consistency in the number of days which a cell culture could be maintained by different workers.
Virus Susceptibility in Various Cell Culture Systems Developed from Shrimp
Penaeid lymphoid organ cell culture system has been claimed as the best option for in vitro growth of several pathogenic viruses. Many researchers claimed the in vitro growth of monodon-type baculovirus in lymphoid cell culture from P. monodon [7, 8] . Susceptibility of Yellow head virus in lymphoid cell culture from P. monodon [2, 4, 10, 79] , P. japonicus and P. penicillatus [10] , and from P. vannamei [51, 52] have been reported. Moreover, Lu et al. [52] suggested the in vitro growth of yellow head virus in cell culture from nine different tissues and organs including gill, hepatopancreas, head soft tissue, abdominal muscle, eyestalk, lymphoid organ, heart, nerve cord, and midgut. Susceptibility of WSSV in lymphoid cell culture from P. monodon [89] , from P. monodon, P. japonicus and P. penicillatus [10] , ovarian cell culture from P. japonicus [56] , hepatopancreatic cell culture from P. monodon [83] haemocytes from P. chinensis [40] have also been reported. Recently, Jose et al. [42] conducted a detailed investigation on the viral titration and viral gene expression in P. monodon haemocyte culture. Still more recently, George et al. [26] investigated the multiplication of taura syndrome virus in haemocytes from P. vannamei. Inspite of the successful attempts by several researchers to grow a few shrimp viruses in cell culture systems from penaeids, strangely enough, there has not been any attempt by other laboratories either to validate the methodology or to uses them as the protocol for shrimp virus cultivation. However, with the available techniques it is possible to generate and maintain primary cell cultures from shrimp and use them for virus titration and viral gene expression. 
Molecular Approaches for Shrimp Cell Immortalization
Given the tremendous advancements in human and veterinary virology thanks to the availability of a variety of cell lines, any radical change in crustacean virology would be possible only if appropriate cell lines for in vitro cultivation of intracellular pathogenic agents [17] could be made available. Considering the past experience in this realm more focus should be on the molecular approaches to immortalize shrimp cells by disrupting cell cycle regulator genes and the telomere maintenance. Usually somatic cells do not spontaneously immortalize in culture, but instead enter replicative senescence after a finite number of population doublings [33, 34] . In contrast to mammals and most insects, decapod crustaceans can enlarge their organs in the adult life period and regenerate lost appendages, organs with indeterminate growth [86] . The high regeneration capability of the crustacean cells (including shrimp) do not show neoplastic transformation and thus it prevents spontaneous immortalization. Neoplastic transformation can be achieved by transfection with active oncogenes [66] , the technique which has not yet been fully applied to crustacean and aquatic invertebrate cells [17] . Moreover, unveiling the molecular and regulatory mechanisms that prevent neoplastic transformation in shrimp cells (decapod crustaceans) might provide new leads for the development of anti-ageing and anti-cancer interventions in humans [86] .
To date, oncogenic mammalian virus gene, simian virus 40 large T antigen [36, 37, 78] has only been used for transformation of primary shrimp cell culture. The first transformation attempt in lymphoid organ primary cell culture of P. stylirostris was made in 1995 [78] with the pSV-3 neo plasmid vector encoding SV40-T antigen gene from Simian virus-40 by lipofection. Further, retroviral vectors pseudotyped with the envelop glycoprotein of VSV was proved to be infective to primary cell cultures from P. stylirostris [73] , however, without any direct evidence of integration. Even though, researchers [36, 37] proved the use of VSV-G pseudotyped pantropic retroviral vectors by confirming the stable expression of SV40T gene in post transfected cells, the attempts failed to induce in vitro transformation. Moreover, Claydon and Owens [17] transfected human papillomaviruses (HPV) E6 and E7 genes into the Cherax quadricarinatus cells by lipofection and the successful transfection was demonstrated by the presence of oncogene mRNA by RT-PCR. While transfection of the oncogenes was successful and transfected cells survived more than 150 days, cell proliferation was stagnant due to the lack of telomere maintenance.
Telomerase activity in cultured cells is a limiting proliferating factor, as inactivation of pRb and p53 pathways [77] in combination with activation of a telomere maintenance mechanism is suggested to be necessary for immortalization of somatic cells [5, 84] . Ablation of cell cycle checkpoint genes through mutation or viral oncogene expression is necessary to lead escape from senescence, additional doublings, and entrance into crisis phase, and finally the emergence of immortal clones. In the vast majority of cases, telomerase is reactivated and telomeres are stabilized [22] . Moreover, researchers proved that the introduction of telomerase activity in normal human cells caused an extension of replicative life span [5, 75, 85] . In our study (un-published data) we could not find any telomerase activity in primary lymphoid cell culture using telomeric repeat amplification protocol assay. Even though, this is contradictory to the reported active telomerase activity in cultured lymphoid organ cells for up to 30 days [47] , till date, no additional report has been seen in literature to confirm the telomerase activity in the cultured shrimp cells.
As spontaneous and induced transformation of somatic penaeid cells has not taken place [15] , attempts to create hybrid cells by fusing cells from an immortal cell line of insects (Epithelioma papulosum cyprinid and Spodoptera frugiperda) with haemocytes from P. monodon were made and accordingly three fusion-cells could be produced (F11, F12 and F13). However, shrimp genes and viral susceptibility could not be observed in the fusion-cells; this happens to be the first attempt to produce hybrid cells from shrimp cells. The 'futile attempts' in shrimp cell line development might be the outcome of the neglect on 'know your animal' [54] philosophy, as the successful history of insect cell lines started from the in-depth knowledge gained on the insect biochemistry with which an appropriate and exclusive insect cell culture medium could be developed [91, 92] . Despite the modification of commercially available medium based on hemolymph analysis [18, 74] an exclusive medium for the growth and development of shrimp cells in vitro has not been accomplished. Even though, Wyatt [91] was not totally successful, her contribution was essential to Grace's ultimate success in the development of Grace's insect cell culture medium [30] [31] [32] which resulted in the development of over 500 insect cell lines [53, 54] . Such a scientific temper should be imbibed in the shrimp cell culture research for successful development of a continuous cell line. Moreover, lack of third party validation and confirmation of results achieved by researchers in sister institutions has also hampered the progress of research in shrimp cell culture development with a diminishing output. The transformation studies include identification of a putative promoter system to construct transformation and transduction vectors specific to shrimp. Development of hybrid cell line might also will pave way for the development of penaeid virus susceptible fusion cell lines. Moreover transgenic expression of oncogene and telomerase reverse transcriptase might also lead to a successful outcome of a valid shrimp cell line.
